. The availability of Whole-cell fusion between zebrafish fibroblast-like tools such as a genetic linkage map and a physical map ZF4 cells and mouse B78 melanoma cells resulted in of overlapping YAC, P1, or cosmid clones will facilitate hybrids containing one or a few zebrafish chromosome the cloning of genes that are affected in zebrafish musegments in a murine chromosomal background. Fluo-tants. Recently, a genetic linkage map of the zebrafish rescence in situ hybridization to hybrid cell meta-genome has been reported (Postlethwait et al., 1994). phases with a zebrafish genomic DNA probe revealed The map consists of more than 400 random amplified that many hybrids contained zebrafish chromosome polymorphic DNAs (RAPDs) (Williams et al., 1990; segments that were either inserted or translocated to a Welsh and McClelland, 1990) . It was originally orgamouse chromosome, whereas other hybrids contained nized into 29 linkage groups but has now been consolizebrafish chromosomes with no evidence of insertion dated into 25 linkage groups (S. L. Johnson and J. Postor translocation. We have assigned hybrids to 17 link-lethwait, unpublished data), corresponding to the numage groups of the genetic map of the zebrafish genome. ber of zebrafish chromosomes identified by karyotype Our results demonstrate the feasibility of producing (Schreeb et al., 1993) . The map has been complemented somatic cell hybrids between distantly related species.
INTRODUCTION
cell hybrids have greatly helped the mapping of human and mouse genes, respectively (Ringertz and Savage, The establishment of genetic methods in the zebra-1976; Ruddle, 1981) . Somatic cell hybrids containing fish, Danio rerio, allows a systematic mutational analyzebrafish chromosomes would likewise allow rapid assis of vertebrate development (Streisinger et al., 1981;  signments of cloned genes or anonymous DNA markers Kimmel, 1989; Rossant and Hopkins, 1992;  Mullins to specific chromosomes or chromosome regions. Howand Nü sslein-Volhard, 1993; Solnica-Krezel et al., ever, stable somatic cell fusion has not been reported 1994). Although the identification and analysis of mufor species as distantly related as mouse and fish. In tations affecting development are facilitated by the bithe present report, we describe a panel of zebrafish/ ology of the zebrafish, including the production of hapmouse somatic cell hybrids that contain one or a few loid and parthenogenetic diploid individuals, the mo-zebrafish chromosomes or chromosome fragments. lecular characterization of mutations in zebrafish is still a challenging task. To date, only three genes de-
MATERIALS AND METHODS
tected by mutation have been cloned Schulte-Merker et al., 1994; Sepich and West- Whole-cell fusion. Calcium phosphate precipitation (Maniatis et al., 1989) was used to transfer the pCMV neo plasmid into ZF4 cells. The CMV promoter/enhancer has previously been shown to have 1 To whom correspondence should be addressed at Loeb Institute for Medical Research, Ottawa Civic Hospital, 725 Parkdale Avenue, high activity in ZF4 cells (Driever and Rangini, 1993) . Stable transfectants were selected in the presence of 600 mg/ml of G418. A Ottawa, Ontario, Canada, K1Y 4E9. Telephone: (613) ext. 6033. Fax: (613) . E-mail: ekker@civich.ottawa.on.ca.
pool of more than 400 clones was produced to ensure that each of the 25 zebrafish chromosomes (Schreeb et al., 1993) flask 24 h before fusion. The cell monolayer was fused with 1 ml of mouse parental cells, and oubain, to kill zebrafish 50% (wt/wt) polyethylene glycol (1540; NBS Biologicals) solution in parental cells. Rodent cells are naturally more resisDulbecco's modified Eagle's/F12 medium for 90 s. After three wash-tant to oubain than are zebrafish (M. Ekker and M. ings with serum-free medium, the cells were incubated at 37ЊC for Chevrette, unpublished data) or human cells, as dea period of 24 h, after which they were split and transferred to two 162-cm 2 flasks. The selection drugs G418 (800 mg/ml) and ouabain termined empirically (Lugo and Fournier, 1986) . (6 mM) were added to both flasks to kill parental cell lines. One flask After a 3-to 4-week period of culture at 37 or 28ЊC was then incubated at 37ЊC and the other at 28ЊC until colonies of (the normal temperature for the culture of ZF4 cells), cells resistant to both drugs developed.
we observed clones resistant to both G418 and ouaAll somatic hybrids reported here can be obtained from the authors bain only in the flasks grown at 37ЊC. fact that all hybrids were isolated at 37ЊC, a nonpermis- Brown, 1991) . Fluorescence in situ hybridization (FISH) was per-sive temperature for the ZF4 parental cell line, these formed as described (Pinkel et al., 1988) . Probes consisted of the results suggested that most hybrids had retained more zebrafish satellite type I (SRI) monomeric unit (Ekker et al., 1992a) mouse chromosomes than zebrafish chromosomes.
or of total zebrafish genomic DNA that had been previously digested with a mixture of the restriction enzymes EcoRV, PstI, and PvuII. The hybridization conditions were as follows: Hybridization mixture:
FISH Analysis of Zebrafish Chromosomes in Hybrids
100 ng of biotinylated probe, 1 mg salmon sperm DNA in 10 ml of 70% formamide/21 SSC; Posthybridization washes: 10 min, 37ЊC, To detect zebrafish chromosomes in the hybrids, we 50% formamide/21 SSC followed by 10 min, 37ЊC, 21 SSC.
performed FISH using two zebrafish-derived probes.
PCR analysis. Genomic DNA was prepared The first probe (SRI) corresponded to a highly repetifrom four nearly confluent 100-mm dishes. PCR using zebrafish-spetive satellite-like DNA sequence from the zebrafish cific primers (MapPairs, Research Genetics, Huntsville, AL) was performed on genomic DNA in a final volume of 50 ml according to the (Ekker et al., 1992a) , and the second consisted of total manufacturer's instructions. Primers for zebrafish genes were either zebrafish genomic DNA (TZD probe). The SRI probe generously provided to us by J. Postlethwait and A. Fritz or were hybridized to the centromere region of all zebrafish synthesized by us from published sequences. These sequences can be chromosomes ( Fig. 1B ) of ZF4 cells, whereas the TZD obtained upon request. The following genes were tested on hybrids:
probe labeled zebrafish chromosomes in their entirety HoxC5 (Ericson et al., 1993) , Hox C6 (Njølstad et al., 1990) , PouC (Johansen et al., 1993) , Wnt1 (Molven et al., 1991) , sonic hedgehog (Fig. 1A) . The latter result suggests the presence of one , Eng3 (Ekker et al., 1992b) , msxD (Ekker et al., or several interspersed repetitive DNA sequence(s) in 1992c), axial (Strä hle et al., 1993) , Cyclin E (GenBank Accession No. the zebrafish genome (Deininger and Daniels, 1986). X83596), and svp 44 (Fjose et al., 1995) . The PCR conditions were Neither probe hybridized to mouse chromosomes (Figs. as follows: denaturing step, 50 s at 92ЊC; annealing step, 1 min and 1E and 1F). 30 s at the temperature indicated below; extension step, 2 min at 72ЊC. Annealing temperatures were 52ЊC for axial; 55ЊC for Hox C5, When the same probes were used on the zebrafish/ PouC, sonic hedgehog, and cyclin E; 57ЊC for Hox C6 and msxD, 60ЊC mouse hybrids, they identified only one zebrafish chrofor Eng3 and svp44; and 61ЊC for Wnt1. All PCR analyses were car-mosomal element in 31 of 77 hybrids analyzed; the ried out for a total of 40 cycles except for that for sonic hedgehog, other hybrids contained two or three zebrafish chromowhich was carried out for 30 cycles.
somal elements. Furthermore, as can be seen in Fig.  1C , the zebrafish chromosome fragment present in the RESULTS hybrids was often either inserted or translocated into a mouse chromosome, as shown by the distal chromoProduction of Zebrafish/Mouse Somatic Cell Hybrids some fragments that did not label with the TZD probe. We observed an inserted or translocated chromosomal We produced somatic cell hybrids containing zebrafish chromosomes by fusing the zebrafish fibroblast-element in 75% of hybrids examined (58/77; Table 1 ).
However, in some hybrids, the zebrafish chromosomes like cell line ZF4 (Driever and Rangini, 1993) to mouse melanoma B78 cells (McGowan-Jordan et al., were entirely labeled with the TZD probe (not shown), suggesting the absence of a translocation event. How-1994) . Zebrafish chromosomes were tagged with a selectable marker, the aminoglycoside phosphotrans-ever, we cannot rule out the presence, at the telomeres of such chromosomes, of mouse elements that are too ferase gene conferring resistance to G418 (neo). Hybrids were selected in media containing G418, to kill small to be visible. Similarly, very small zebrafish chro- were also positive for SSR markers 9 and 25, which map to the same linkage group, thus confirming that during the fusion, might explain why many hybrids
have not yet been assigned to linkage groups. We and others are producing additional SSR markers that mosome fragments present in a hybrid will be missed should help establish the correspondence between zeby such FISH analyses.
brafish/mouse hybrids and the genetic linkage map.
Assignment of Markers and Cloned Genes to Hybrids
Stability of Zebrafish Chromosome Segments in To characterize further the zebrafish/mouse hybrid Hybrids panel, we prepared DNA from each hybrid and analyzed it for the presence of specific zebrafish sequences.
To determine the stability of zebrafish chromosomes in the hybrids and to assess whether chromosomal We performed PCR analysis on hybrid cell DNA with oligonucleotides corresponding to sequences from translocation influences this stability, we grew hybrids ZFB10 and ZFB37 for over 100 generations (34 pascloned genes or flanking specific SSRs from the zebrafish (Goff et al., 1992) . Some of these SSR markers were sages) in either the presence or the absence of G418.
Hybrid ZFB10 contains a zebrafish chromosomal eleincluded in the genetic linkage map of the zebrafish (Postlethwait et al., 1994) . However, we were not able ment that has been inserted into a mouse chromosome, whereas translocation was not apparent for the chroto use adequately most RAPD markers described by Postlethwait and collaborators (1994), presumably be-mosomal elements present in ZFB37. The retention of zebrafish chromosomal elements in the hybrids was cause interstrain differences at the sites of such short PCR primers (10 nucleotides long) seriously impair the assayed by FISH analysis of 100 interphase nuclei. In the presence of G418, zebrafish chromosomal elements amplification reaction. The ZF4 cell line that we have used was derived from the zebrafish mutant tupfel (also were detected in at least 95% of nuclei examined for both ZFB10 and ZFB37 (Table 3) . Furthermore, the referred to as leopard danios) (Driever and Rangini, 1993; Kirschbaum, 1975) , while the RAPD markers SSR markers originally present on hybrid ZFB10 were all retained (data not shown). However, in the absence used for building the genetic linkage map originate from the AB and Darjeeling strains. It was neverthe-of selection, zebrafish chromosomal elements were unstable in both hybrids, and as many as 54% of nuclei less possible to assign a RAPD marker to the hybrid ZFB14, which contained a chromosome fragment en-were no longer stained with the TZD probe after 100 generations (Table 3) . Thus, it appears that, although compassing the floating head mutation on linkage group XIII (Table 2 ; Talbot et al., 1995) . zebrafish/mouse hybrids can be maintained for many generations in the presence of G418, continual selecHybrids ZFB8, 10, 11, 43, 48, 54, and 201 contained SSR marker 13, which has been mapped to the linkage tion is required to prevent the loss of zebrafish chromosomal elements from the mouse background, as pregroup VIII (Postlethwait et al., 1994) . The same hybrids TABLE 2. Note. FISH examination of at least 100 nuclei using the total zebrafish genomic DNA probe was performed to determine the number of zebrafish chromosomes present in at least 5% of interphase nuclei (in parentheses). Additional hybrids with characteristics identical to hybrids already present in the table were omitted. SSR markers (Goff et al., 1992) and cloned zebrafish genes were detected by PCR on hybrid cell DNA. SSR markers were previously assigned to linkage groups (LG) by Postlethwait and collaborators (1994) . The following genes were used as probes to assign hybrids to linkage groups: HoxC5 (Ericson et al., 1993 ), HoxC6 (Njølstad et al., 1990 , PouC (Johansen et al., 1993) , Wnt1 (Molven et al., 1991) , sonic hedgehog (Krauss et al., 1993) , Eng3 (Ekker et al., 1992b) , msxD (Ekker et al., 1992c) , axial (Strä hle et al., 1993) , Cyclin E (GenBank Accession No. X83596), and svp 44 (Fjose et al., 1995) . Their assignment to linkage groups is a personal communication from J. Postlethwait (J. Postlethwait, Eugene, OR, pers. comm., 1995). A RAPD marker mapping to LG XIII was detected in hybrid ZFB14 (W. Talbot, Eugene, OR, pers. comm., 1995). (Gourdeau and Walker, 1994b rat or hamster cells (Schwartz et al., 1971; Kao, 1973;  Passage 34 / G418 5 82 13
Trisler and Coon, 1973 , Leung et al., 1975 . Such hyPassage 34 no G418 54 44 2 brids contained a complete set of chromosomes from the mammalian parent and between one and three chick a The number of zebrafish chromosomal elements was determined by FISH using the TZD probe on interphase nuclei. microchromosomes, a number comparable to the number of zebrafish chromosomal elements that we observed in our hybrid panel. There was, however, no viously observed for other hybrid cell lines after a high characterization of the chicken/mammal hybrids using number of passages (Ruddle, 1981) . Furthermore, in-FISH or molecular markers, making the comparison sertion or translocation to a mouse chromosome does with the zebrafish/mouse hybrids presented here diffinot seem to prevent the loss of the zebrafish chromo-cult. Karyotype analysis of the chicken/hamster hysomal element from hybrids when selection is removed. brids indicated that the chicken chromosomes did not translocate to Chinese hamster chromosomes (Kao, DISCUSSION 1973). Moreover, chicken chromosomes were stable in the absence of selection for over 100 generations in the chicken/hamster hybrids (Kao, 1973) . This contrasts We have produced a panel of zebrafish/mouse hybrids containing between one and three zebrafish chro-with our observations that zebrafish chromosomes are often inserted or translocated to mouse elements (Fig.  mosomal elements. About half of the hybrids were monochromosomal as determined by FISH analysis. This 1) and tend to be lost from the hybrids when cells are grown in the absence of selection (Table 3) . These difcontrasts with whole-cell fusions between mouse and rat cells, where resulting hybrids often contain a large ferences could be attributed to the recipient cells, although both hamster and mouse cells are known to subset of chromosomes from both parents (Peterson et al., 1985; Gourdeau and Walker, 1994a) . Thus, as sug-segregate exogenous chromosomes such as the human chromosomes in human/rodent hybrids. Alternatively, gested by our experiments on the stability of zebrafish chromosomal elements in hybrids (Table 3) , in the ab-zebrafish chromosomes could be less stable in a mammalian cell background, when selection is removed, due sence of selective pressure, zebrafish chromosomes are probably unstable and gradually lost. This phenome-to the larger evolutionary distance that separates fish and mammalian lineages (400 million years) than that non is often observed in hybrids but usually occurs only after many cell divisions. The use of microcells (Four-separating bird and mammalian lineages (300 million years). Finally, the difference in optimal temperatures nier, 1981) is known to increase the proportion of monochromosomal hybrids obtained after fusion but the for the growth of fish cells and for the growth of cells from birds or mammals may contribute to the lower procedure results in fewer hybrids. However, our panel, which was produced by whole-cell fusion, already has stability of fish chromosomes in a mammalian cell background. a high proportion of monochromosomal hybrids, which will facilitate the assignment of genes and markers to
The presence of interspersed repetitive sequences in the zebrafish genome is suggested by the FISH results specific chromosomes and will render the production of microcell hybrids unnecessary.
using whole zebrafish genomic DNA as a probe. These sequences were absent from the mouse genome as asOne additional advantage of our hybrid panel is that at least half of the stably retained zebrafish chromo-sessed by FISH. Therefore, characterization of zebrafish interspersed repetitive sequence(s) will allow the somal elements were either inserted or translocated into a mouse chromosome. It is therefore likely that isolation of YAC or P1 clones containing large portions of specific zebrafish chromosomes from a library made many of the hybrids have zebrafish subchromosomal fragments. These will allow the isolation of markers with our zebrafish/mouse hybrids.
In conclusion, we have produced a panel of zebrafish/ and the mapping of genes to specific chromosome regions without the need to generate radiation hybrids. mouse hybrids containing a large proportion of monochromosomal hybrids. In many hybrids, the zebraThe 77 zebrafish/mouse hybrids were obtained from fusions involving a total of 2 1 10 7 cells from each fish chromosomal elements are inserted or translocated 
